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The cardiac autonomic nerve system (CANS) is a potentially potent modulator of the initiation and perpetuation of atrial fibrillation (AF). In this review, we focus on the relationship between the autonomic nervous system (ANS) and the pathophysiology of AF and the potential benefit and limitations of neuromodulation in the management of this arrhythmia from eight aspects. We conclude that Activation and Remodeling of CANS involved in the initiation and maintenance of AF. The network control mechanism, innervation regions, and sympathetic/parasympathetic balance play an important role in AF substrate. And the formation of Complex Fractional Atrial Electrograms also related to CANS activity. In addition, modulating CANS function by potential therapeutic applications include ganglionated plexus ablation, renal sympathetic denervation, and low-level vagal nerve stimulation, may enable AF to be controlled. Although the role of the ANS has long been recognized, a better understanding of the complex interrelationships of the various components of the CANS will lead to improvement of treatments for this common arrhythmia.
K E Y W O R D S
atrial fibrillation, cardiac autonomic nerve system, neuromodulation
| INTRODUCTION
As early as 1682, William Harvey had described the close relationship between the nervous system and the heart. 1 A large number of scholars have also demonstrated over the last half a century that cardiac autonomic nervous system (CANS) not only can regulate the heart rate and hemodynamic changes but also participates in the development of arrhythmia, especially atrial fibrillation (AF). [2] [3] [4] Since the treatment of AF with antiarrhythmic drugs and radiofrequency catheter ablation has currently stuck in a bottleneck, exploring new pathogenic mechanisms will undoubtedly be a hot topic in the future research of AF theories. In particular, although the strategy of atrial autonomic ganglionated plexi (GP) ablation appears to be a "milestone" breakthrough in the field of AF prevention and treatment, a clinically effective GP modification criterion has not been detected, and present researches are facing a tight corner considering the high complexity of CANS mechanism and the unsatisfactory effect of clinical intervention. Based on the basic and clinical studies, we systematically reviewed the relationship between CANS and AF from different perspectives and elaborated our insight to the current status and potential problems of CANS research.
| THE RELATIONSHIP BETWEEN FUNCTIONAL ALTERATION OF CANS AND AF

| Activation and remodeling CANS in AF
Coumel's triangle concept 5 proposed that arrhythmogenic substrate, modulating factors, and triggering factors jointly produce arrhythmia.
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Apart from regulating the changes in cardiac rhythm, CANS has been shown to participate in the formation of AF pathogenic substrate and focal sources, thereby exerting an important role in AF triggering and maintenance. According to previous studies, 6 stimulation of canine cervical vagal trunk with high-frequency current will not only significantly shorten AF effective refractory period (ERP) but also result in increased incidence of AF, expanded window of vulnerability and prolonged AF duration. Some scholars have recently confirmed that highfrequency stimulation (HFS) of atrial epicardial autonomic GP can cause an increase in ERP dispersion in multiple atrial sites and directly induce AF (Figure 1 ). However, this course can be eliminated by blocking vagus nerve function with drugs such as atropine. In addition, local application of acetylcholine (Ach) around the atrial GP tissue or in the left atrial appendage may also generate the similar atrial electrophysiological substrate changes and AF-triggering effect as described above. 6 Although the causal relationship between ANS and atrial arrhythmias still remains unclear because of the difficulty to directly record the nerve activity, Chen et al found that simultaneous sympathovagal discharges always preceded the onset of PAF in animal models. It implied that ANS activity may be an important trigger in the generation of PAF. 7 These findings suggest that the activation of autonomic nerve can cause atrial electrophysiological changes through Ach released by nerve endings and further induce AF. Therefore, CANS may serve as the underlying manipulator of rapid atrial electrical activities.
Persistent or recurrent AF may lead to progressively shortened atrial ERP, increased ERP dispersion, reduced rate adaptability, and other atrial substrate remodeling changes, which is known as "AF begets AF" and considered to be an important mechanism for AF maintenance. In the rapid atrial pacing model (a classic model of "AF begets AF"), the 6-hour rapid pacing (acute AF model) would induce atrial "electrical remodeling," which is manifested by progressively shortened ERP and increased dispersion. Nevertheless, drug blockage of ANS by administration of autonomic blockers, atropine, and propranolol or GP ablation through the epicardium can decrease the heterogeneity across atria, thereby reversing and inhibiting the onset of atrial electrical remodeling. 8 Continuous pacing for 4 to 6 weeks (persistent AF model) would increase the heterogeneity in the distribution and activity of atrial autonomic nerve, accompanied by variation in M receptor quantity and heterogeneity changes in the dynamic characteristics of I K,Ach channel, 9 which is known as "autonomic nerve remodeling". Ng et al found that there was an increase in nerve bundle size, parasympathetic fibers/bundle, and density of sympathetic fibrils and cardiac ganglia in chronic heart failure canine model. β-adrenergic blockade slowed AF dominant frequency, while parasympathetic blockade markedly decreased AF duration. It suggested that the ANS remodeling may contribute to AF substrate in CHF. 10 Therefore, autonomic nerve activation/remodeling is not only associated with AF triggered activity but also participate in the maintenance mechanism of AF, that is, the development of atrial remodeling.
However, AF as a progressive disease contains three major components in human: initiation of the arrhythmia, arrhythmia maintenance, and progression toward longer-lasting AF forms. 11 The progression to sustained forms is estimated to be approximately 10% at 1 year and 25% to 30% at 5 years despite pharmacologic therapy.
Multiple factors are involved in this progression, such as genetic predisposition, age, or disease-related remodeling and the effect of "AF begets AF." Therefore, we should recognize that these factors may make atrial remodeling more complicated in human AF than in rapid atrial pacing canine model. showed that the ligament of Marshall which was confirmed the presence of sympathetic nerve fibers and ganglion cells, can develop automatic rhythm during isoproterenol infusion and also contribute to the re-entrant excitation in human AF. 16 However, Tan nerve-dependent AF. 20 However, these parameters can only indirectly reflect autonomic nerve activity, and the direct evidence provided by human autonomic nerve activity record remains insufficient at present. In most cases, atrial rapid pacing, including intermittent pacing and continuous pacing, is employed for duplicating AF model in animal experiments. 21, 22 Pacing frequency is set at 1000 bpm or faster with the pacing time of 7 to 14 days or longer. In this context, it is inevitable to affect heart functions and thus activate the sympathetic nerve; in addition, the activation of sympathetic or parasympathetic nervous system is always accompanied by the other. It is hard to quantify the activation intensity and interaction between the two components based on the current test technique. Therefore, effective scientific experimental methods and techniques are still lacking at present for exploring the effect of CANS sympathetic and vagal components in AF development. Although PET/CT has been widely applied, 23 the detection of autonomic nerve activity requires further experience accumulation and technical support.
|
Based on the findings of previous studies, it can be presumed that tively. 28 In addition, our study also found that the Ao-SVC GP is critical in modulating sinus nodal function through both RAGPdependent and -independent pathways. 29 Based on the research results above, it is obvious that the cross-linked structure of autonomic nervous network is highly complicated, that different GP are interconnected between each other and that the stimulation of single GP may cause multiple GP responses to produce a synergistic effect ( Figure 3 ). In consequence, it is difficult to accurately locate the specific GP in the AF neurological regulation mechanism. We think that the concept of "CANS network control mechanism" provides a very appropriate explanation for the above-mentioned phenomenon. That is, under direct stimulation or activation by nerve ending afferents, GP, as the network nodes, can cause a series or parallel signal transmission effect between GP and simultaneously generate positive feedbacks to amplify the above activation effect; as a result, the atrial myocardium will be exposed to the rapidly released massive neurotransmitters, which then leads to an acute change/remodeling in atrial electrophysiological properties, thus triggering and maintaining AF. 
| Innervation regions of CANS and AF
| THE RELATIONSHIP BETWEEN CANS AND COMPLEX FRACTIONAL ATRIAL ELECTROGRAMS
Although the original report by Nademanee et al 39 shows that catheter ablation targeting complex fractional atrial electrograms (CFAEs) resulted in a 91% success rate in eliminating symptomatic AF, the subsequent clinical studies and meta-analysis point out that CFAE ablation seems not to confer incremental benefit when performed in addition to PVI. 40, 41 In particular, the STAR-AF II trial demonstrated that there were no reduction in the rate of recurrent AF when either CFAE ablation or linear ablation was performed in addition to PVI. 41 Moreover, the mechanism(s) operative in the formation of CFAEs remains to be clarified, functional conduction block due to tissue anisotropy, colliding waveforms, migration rotors, and conduction slowing at critical parts of multiple re-entrant circuits have been proposed as the underlying mechanisms. 35, 42, 43 A striking finding in the report by Nademanee et al themselves is that most of the CFAEs were located at or around the sites where GPs were presumed to be. 39 Several clinical studies have demonstrated that CFAEs were most commonly recorded at the PV-atrial junction, where the tissue is richly innervated by autonomic neural elements. [44] [45] [46] Recently, experimental studies on animal models have provided evidence that CFAEs induced by topical application of acetylcholine can be alleviated by ablating GP at a distance and can be eliminated when all the four major atrial GP were ablated, indicating that CFAEs may reflect the activity of the intrinsic cardiac ANS. 47 Besides, the formation of CFAEs is accounted for by the rotor hypothesis. It states that fractionation of the electrograms occurs when the meandering rotor encounters heterogeneous substrate. 35 As the rotors typically exhibit short and regular cycle length, the site showing maximal dominant frequency (DF max ) through Fourier transformation has been proposed as a surrogate for the meandering rotor, and the outer limit of the DF max domain is the area where the most propagation pattern variability and CFAEs activity occur. That is, CFAEs are the by-product of the reentrant rotor that breaks down at its boundary. Moreover, to maintain a stable rotor, it required infusion of acetylcholine into the heart to keep the refractory period short and less heterogeneous, implying that the rotor hypothesis is also based on the autonomic activity of the CANS.
| THE RELATIONSHIP BETWEEN CANS MODULATION AND AF
| GP ablation in AF
A large number of previous basic studies have found that reducing ICANS activity through modifying GP with radiofrequency ablation can effectively decrease the induction rate of AF and inhibit atrial electrical remodeling. 26, [48] [49] [50] [51] [52] [53] The target atrial GP mainly involve GP around the PV (left superior GP, left inferior GP, right anterior GP, and right inferior GP) ( Figure 4 ). In addition, it has also been reported that the ablation of Marshall ligament GP and the third fat pad (aortasuperior vena cava GP) can realize AF treatment as well. 26, 51 However, GP ablation-based CANS modification strategy failed to achieve the theoretical expectations for AF treatment in its clinical application.
According to Mikhaylov, the 3-year success rate of GP ablation in paroxysmal AF treatment was 34.3%. 52 A recent multi-center study 37 showed that the 1-year success rate of GP ablation alone in the treatment of paroxysmal AF was only 48%, while the success rate of pulmonary vein isolation (PVI) procedure could be enhanced by 18% in the case of combination with GP ablation.
In addition, there are some potential negative effects of GP ablation that we should concern. Osman et al. reported a case of a patient having GP ablation, who subsequently developed ventricular fibrillation after programmed ventricular stimulation. 54 Mao et al determined a similar experimental result that epicardial GP ablation without additional atrial ablation increased the inducibility of atrial tachyarrhythmias, probably by decreasing the ERP of the atrial myocardium. 53 The AFACT trial demonstrated that in patients with enlarged LAs, epicardial GP ablation during thoracoscopic surgery did not reduce AF recurrence, but was associated with more bleeding and significantly more pacemaker implantations because of sinus node dysfunction and atrioventricular block. 55 However, we need to understand that the AFACT trial was a study on epicardial ablation, which could cause more lesion than endocardial ablation. The ablation extent may be associated with the prognosis, but current technology has made it impossible to either measure or quantify the depth of ablation.
Therefore, GP ablation can only be employed as a supplementary strategy for the paroxysmal AF PVI ablation at present. The potential reasons explaining the inconsistency between the clinical prognosis and basic research of GP ablation have been summarized as follows.
First, the innervation region and interaction mechanism of GP remain unclear, and the research outcomes regarding denervation in the third fat pad, left atrial GP are still controversial. For example, Mao et al 53 reported that left atrial denervation by GP ablation could increase the induction rate of AF. It is difficult to identify the actual damage range and extent of autonomic nerve after GP ablation, and the induction of CANS "re-imbalance" by GP ablation requires to be further verified.
Second, it is difficult to exactly locate GP. In current clinical trials, the sites of vagal reflex as located by high-frequency stimulation may be just a result of axon and dendrite responses to the stimulation rather than where GP are located. Besides, the "anatomical" GP ablation is accompanied by certain blindness, and the individual differences in fat pad size and distribution cannot be avoided; more than one-third of GP are located in the PLA and lie far from the fat pad, 33 
| Low-level vagus nerve stimulation in AF
Previous study 57 showed that low-level vagus nerve stimulation (LL-VNS, with a stimulus strength at 1 V below the threshold that immediately decelerate the sinus rate), was able to suppress stellate ganglion for patients with paroxysmal AF, the long-term safety, efficacy, and optimal stimulation protocol need further explored.
| Renal sympathetic denervation in AF
Renal sympathetic denervation (RDN) has emerged as a novel approach for treatment of patients with resistant hypertension.
Because sympathetic nerve activity is important in blood pressure control, reduction of sympathetic outflow may, in part, explain the reduction of blood pressure in some patients. Although the initial encouraging results of the open-label simplicity HTN-2 trial, the results of the larger blinded simplicity HTN-3 trial were disappointing. 60, 61 The same approach also used in controlling AF due to the mechanism of arrhythmia triggering through the reno-cardiac axis. Little clinical evidence compared pulmonary vein isolation (PVI) alone vs PVI combined with RDN in AF patients. 62 There was 69% of the patients who underwent the strategy of combined PVI and RDN were free of AF at 1-year follow-up compared to 29% in the PVI only group. But these AF patients have concomitant drug-resistant hypertension demonstrated and RDN is associated with less recurrence of AF at intermediate-term follow-up in these patients. Thus, it is unclear whether the effect of RDN on AF recurrence was independent of the blood pressure control. Another study demonstrated that RDN has been used for ventricular rate control in AF and for reduction of AF episodes in patients with sleep apnea. 63 But an experimental study of pig models revealed that RDN did not decrease the AF inducibility or atrial ERP, and it was of no effect in preventing atrial electrical remodeling during atrial fibrillation. 64 However, there are some issues such as, the benefit of RDN in different types of AF been applied extensively. Further studies are warranted to demonstrate these issues on the molecular, cellular, and tissue level, and confirm these novel therapeutic approaches in patients with AF.
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